In daily recording sessions lasting 50 ± 21 minutes (mean ± standard deviation, range 12-114 minutes), while the monkey sat in a primate chair with the elbow bent at ~90°and restrained in a padded cast with the forearm horizontal, a 5 electrode microdrive and a multi-acquisition processor were used to record single M1 neurons simultaneously with EMG activity from the implanted muscles (EMG amplification 2,000-100,000 x, bandpass 0.3 --3 kHz, sampling frequency ~5 kHz per channel). One data acquisition interface stored data to disk, while another performed on-line spike-triggered averaging of rectified EMG.
At the beginning of most recording sessions the monkey was rewarded with drops of water for squeezing a 3.3 cm diameter metal pipe, split lengthwise. By squeezing this split pipe, the monkey closed an internally mounted microswitch, cued by a row of 3 LEDs (yellow -switch open; red -GO; green -switch closed). Typically after one or more single neurons were isolated and recorded during this squeeze task, the monkey performed a second paradigm similar to direct operant conditioning of neural discharge (1-3), which we refer to as reinforcement of physiological discharge (RPD). The LEDs which cued the squeeze task were extinguished, a separate green LED was lit to inform the monkey of the paradigm change, and two other red LEDs began to flash (6 ms illumination): one flashed each time a selected neuron discharged an action potential; the other flashed each time a large potential was discriminated from the EMG activity of a selected muscle (termed the RPD muscle). The monkey then was rewarded for producing a threshold number of synchronous pulses (i.e. pulse onsets within ± 6 ms of one another) from the neuron and the EMG within a preset time interval. Note that this criterion for synchronous neuron and EMG pulses did not directly reinforce a SpikeTA effect produced by the selected neuron in the RPD muscle. To do so would have required the neuron pulse to precede the EMG pulse by the 6 to 16 ms typical of SpikeTA effects. Our choice of ± 6 ms elicited coactivation of the neuron and Page 3 Davidson, Chan, O'Dell and Schieber muscle, without reinforcing the monkey explicitly for producing SpikeTA effects. We reasoned, however, that in generating such coactivation the monkey might increase throughput from M1 neurons to muscles by any means available. During RPD, no specific requirements were placed on the movement or posture of the hand. Individual epochs of squeeze task or RPD performance lasted 11 ± 7 minutes (range 2-61 minutes).
Off-line, SpikeTAs were formed for each EMG channel using custom software to average segments of rectified EMG activity from 30 ms before to 50 ms after each trigger. Spikes were accepted as triggers only if the RMS value of the EMG from 30 msec before to 50 msec after the spike was greater than 1.25 times the RMS noise level in that EMG channel, thereby eliminating EMG sweeps containing only noise. Table S1 gives the number of such triggers used to compile each of the SpikeTAs shown in Fig. 1 . SpikeTAs were smoothed with a flat 5-point finite impulse response filter. Baseline trends were adjusted with increment shifted averages (ISAs), and significant effects in the SpikeTA then were identified using the previously described multiple-fragment approach (4, 5) . Statistical tests were performed in MATLAB. For each significant SpikeTA effect, we measured the onset latency and peak width at half maximum (PWHM) as described previously (5-7). Table S1 near here > We also used the multiple fragment approach to compare the neuron firing rate and the level of ongoing EMG activity for a given neuron-muscle pair in different behavioral epochs. Each epoch was divided into fragments of 100 triggers (spikes with ongoing EMG). Firing rate then was computed for each fragment as the number of spikes discharged divided by the time required to accumulate the 100 triggers. Ongoing EMG for each fragment was computed by forming a fragment SpikeTA using the 100 triggers, and then calculating the mean of the ISA-adjusted fragment SpikeTA from 30 to 10 ms preceding the trigger time. Distributions of fragment firing rates or of fragment EMG levels then were compared between two epochs using Wilcoxon rank sum tests.
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Post-mortem histological examination confirmed that the present M1 neurons were located in the anterior lip and bank of the central sulcus at the level of the hand representation.
Neuron and muscle activity during squeeze and RPD epochs Figure S1 shows raw records and Figure S2 shows multiple trial averages of both neuron and muscle activity from each of the 8 behavioral epochs in a single recording session, e0035. SpikeTAs from the eight epochs of session e0035 are shown in Fig. 1 . During the initial squeeze task epoch, the recorded neuron, e0035_B, and all of the recorded muscles discharged bursts of activity as the monkey squeezed the manipulandum. On average, bursts in the forearm extensor muscles (ECU through APL) associated with hand opening preceded bursts in forearm flexor muscles (PL through FDPr) associated with hand closure and grip, and activity in intrinsic hand Davidson, Chan, O'Dell and Schieber muscles (Hypoth and FDI) continued as the monkey held the manipulandum. The recorded neuron, e0035_B, showed a low level of tonic discharge, paused as the hand opened, and then during the squeeze discharged a burst closely related on average to EMG activity in the flexor muscles. Figure S1 and Figure S2 near here > We typically proceeded to the RPD task if on-line averaging during the squeeze task revealed one or more SpikeTA effects produced by a recorded neuron. In session e0035, for example, on-line SpikeTAs from neuron e0035_B showed a facilitatory effect in ECRB, and suppressive effects in PL and FCR. In the next epoch we therefore elected to have the monkey perform RPD of neuron e0035_B with muscle ECRB. Only occasionally did we have a monkey perform RPD of a neuron and muscle that had shown no evidence of a SpikeTA effect during a prior epoch.
During RPD, the monkey often continued to perform phasic squeezing movements for some time, but typically came to realize that some other movement or posture was more efficient at producing rewards. Then the monkey would make this movement repeatedly, or would maintain a productive posture. In session e0035, for example, both the neuron and the muscles tended to be held active tonically during epochs with ECRB or FDPr as the RPD muscle, although phasic bursts were common when PL was the RPD muscle.
In each RPD epoch, as the monkey found a movement or posture that produced more intense and sustained coactivation of the neuron and the RPD muscle, the rate at which the monkey received rewards increased. We therefore repeatedly adjusted both the number of synchronous pulses required for a water reward, and the time period in which those synchronous pulses had to be accumulated, as needed to limit the rate at which the monkey received rewards. Each reward typically required 10 to 50 synchronous pulses in 1 to 5 seconds.
After collecting data for RPD of a given neuron and muscle combination, we proceeded to have the monkey perform RPD with other combinations, guided again by SpikeTA effects observed in on-line averages. In session e0035, for example, on-line averaging in the second epoch, during RPD of neuron e0035_B with muscle ECRB, revealed a SpikeTA effect produced by the neuron in muscle FDPr. We therefore elected to have the monkey perform RPD of the neuron with FDPr in the third epoch. Next we elected to have the monkey perform RPD of the neuron with muscle PL, which had shown a suppressive SpikeTA effect in the first three epochs. Note that although the neuron produced a suppressive SpikeTA effect in PL, during RPD the monkey produced phasic coactivation of the neuron and PL. In general, both monkeys were able to find a movement or posture that successfully produced coactivation of a neuron and a muscle in which that neuron produced a suppressive SpikeTA effect. After this fourth RPD epoch in session e0035, we repeated the three RPD tasks and then had the monkey perform the squeeze task again in the final epoch. Similar patterns of tonic Davidson, Chan, O'Dell and Schieber versus phasic coactivation were observed when each RPD or squeeze epoch was repeated.
The activity of both the neuron and the RPD muscle typically increased during the RPD task. No attempt was made to limit this coactivation to the RPD muscle, however. As is evident in Figures S1 and S2 , EMG activity typically increased in several other muscles as well, including both synergists and antagonists of the RPD muscle. Likewise, although the reinforcement criteria involved only one recorded neuron, on those occasions when we recorded more than one neuron, the other recorded neuron(s) sometimes showed increased discharge during some RPD epochs. We presume that many other, unrecorded neurons, both in M1 and elsewhere in the CNS, also increased their discharge to produce the EMG activity observed in the RPD muscle and in other muscles as well.
Additional considerations regarding neuronal synchrony
Onset latency and peak width typically have been used to distinguish SpikeTA effects that reflect monosynaptic connections from corticomotoneuronal (CM) cells in M1 from those that reflect input to the motoneuron pool from additional neurons synchronized with the M1 trigger neuron. The minimal onset latency consistent with a pure CM cell SpikeTA effect can be estimated as follows: The minimal conduction time from M1 to the cervical enlargement of macaque monkeys is ~1.4 ms (8), from the arrival of action potentials in the cervical enlargement to monosynaptic EPSPs in motoneurons is ~ 0.5 ms (9), and from cervical motoneuron discharge to motor unit action potentials in forearm muscles is ~ 2.8 ms (10), totaling ~ 4.7 ms for the minimal latency from M1 neuron spikes to EMG activity (11, 12) . This theoretical estimate agrees well with the observation that single-pulse stimulus triggered averages (StimTAs) rarely have onset latencies earlier than 5 ms (6). We therefore have used an onset latency criterion of 5 ms.
In theory, SpikeTA effects that reflect synaptic input from additional synchronized neurons also should be more dispersed in time than pure CM cell post-spike effects, and peak width therefore has been used as another criterion for distinguishing the two. Peak width can be measured at half-maximum (PWHM) where it is affected less by noise than when measured close to baseline. Based on theoretical considerations and computer simulations, a criterion of PWHM < 9 ms has been suggested for distinguishing pure versus synchrony effects (13) . Although these computer simulations used high estimates of the strength of neuronal synchronization, the value of 9 ms nevertheless appears to be a reasonable criterion. Studies employing StimTA techniques, which provide little opportunity for synchrony, have shown that i) the poststimulus timing of single motor unit discharges, ii) the width of each motor unit's action potential, and iii) the multiple motor units in the same muscle, all contribute to the width of StimTA peaks, which measured 6.4 ± 2.8 ms (mean ± SD) (14) , consistent with other Page 6 Davidson, Chan, O'Dell and Schieber empirical observations that StimTA effects typically have PWHM < 9 ms (6). We therefore have used a PWHM criterion of 9 ms.
As is evident in Fig. 3 , however, populations of SpikeTA effects do not segregate into distinct groups based on onset latency and PWHM criteria (7) . Nevertheless, for purposes of analysis, we have used the criteria of onset latency = 5 ms and PWHM = 9 ms to classify SpikeTA effects into four categories: pure post-spike effects (onset latency > 5 ms, PWHM < 9 ms, lower right quadrants in Fig. 3) ; late widening effects (onset latency > 5 ms, PWHM ≥ 9 ms, upper right quadrants in Fig. 3) ; broad synchrony effects (onset latency ≤ 5 ms, PWHM ≥ 9 ms, upper left quadrants in Fig. 3) ; and pure+synchrony effects (onset latency ≤ 5 ms, PWHM < 9 ms, lower left quadrants in Fig. 3 ). For all highly significant SpikeTA effects (Fig. 3A) , the distribution of effects among these four categories differed for facilitatory (137 pure: 46 late widening: 73 broad synchrony: 22 pure+synchrony) versus suppressive (13:5:34:8) effects (Χ 2 = 26.7, P = 6.7 x 10 -6 ). Facilitatory effects were more commonly pure post-spike effects, and suppressive effects were more commonly broad synchrony effects. But for neither facilitatory nor suppressive effects did the distribution among these four categories depend on whether the population i) included all highly significant effects (Fig. 3A) , ii) included only effects from those neuron-muscle pairs that produced an absent effect in another epoch (Fig. 3B) , or iii) included only those neuron-muscle pairs that produced an absent effect unattributable to neuron firing rate and/or ongoing EMG level (Fig. 3C ) (Χ 2 , P > 0.05). Whether or not a neuron-muscle pair produced an absent effect, and whether or not the absent effect was unattributable to firing rate and EMG, thus were independent of the category of SpikeTA effect defined by onset latency and PWHM.
Up to this point, we have considered only pure post-spike effects as indicative of monosynaptic connections from M1 neurons to motoneuron pools. But neuron-muscle pairs that produce SpikeTA effects in other categories may have monosynaptic connections as well (7) . In particular, pure+synchrony effects have a narrow peak representing a monosynaptic connection, though this peak rides on a broad base indicating additional synchrony. Late widening effects, which have an onset latency consistent with a monosynaptic connection but are unusually wide, likewise may reflect monosynaptic connections to motoneurons with relatively slowly conducting axons and/or long duration motor unit action potentials (14) . We therefore could include the pure+synchrony and late widening effects in Fig. 3C as being consistent with monosynaptic connections from the M1 trigger neuron to the motoneuron pool. Then a total of 10 neuron-muscle pairs from 9 neurons (4 in monkey E and 5 in monkey W) would be considered to have produced a highly significant SpikeTA effect in one epoch and an absent effect in another, the difference being unattributable to neuron firing rate, ongoing EMG activity or neuronal synchronization. Moreover, even neuron-muscle pairs that produced broad synchrony effects could, in theory, have monosynaptic connections, the brief monosynaptic peak being obscured by strong synchronous inputs from other neurons (7) . Hence a substantial fraction of the present 82 neuron-muscle pairs that each produced a highly significant effect in one epoch and an absent effect in another epoch actually might have had monosynaptic CM connections. Neuron e0035_B was recorded simultaneously with thirteen muscles as monkey E performed the squeeze task, followed by RPD of the neuron with ECRB, then with FDPr, then PL. Epochs of RPD with ECRB, FDPr and PL then were repeated, followed by a final epoch of the squeeze task. SpikeTAs from this session are shown in Fig. 1 . Each column here shows raw records of the neuron discharge and EMG activity recorded simultaneously from 13 muscles. All traces are 3 sec long, and are aligned at the time of the 200 th reward delivered during each of the eight epochs, indicated by the arrowhead beneath the column for each epoch. To permit comparison across epochs, neuron discharge is displayed as instantaneous frequency and EMG traces from each muscle are shown at the same scale for all eight epochs, though this tends to obscure low levels of EMG activity. Scale bars at right represent 0 to 200 spikes/sec for the neuron, ± 500 μV for FDI, ± 400 μV for Hypoth, ± 1000 μV for FDPr, ± 450 μV for FDS, ± 375 μV for FDPu, ± 400 μV for FCR, ± 600 μV for PL, ± 500 μV for APL, ± 250 μV for ED23, ± 500 μV for ED45, ± 500 μV for EDC, ± 400 μV for ECRB, and ± 500 μV for ECU. Brief peaks in the neuron histograms at the time of reward delivery during RPD epochs reflect the fact that rewards were delivered after the last in a required number of synchronous neuron and muscle discharges. To permit comparison across epochs, neuron histograms and EMG traces from the muscles each are shown at the same scale for all eight epochs, though this tends to obscure low levels of EMG activity. Scale bars at right represent 0 to 80 spikes/sec for the neuron, 0 to 100 μV for FDI, 40 μV for Hypoth, 200 μV for FDPr, 70 μV for FDS, 40 μV for FDPu, 60 μV for FCR, 80 μV for PL, 70 μV for APL, 25 μV for ED23, 90 μV for ED45, 100 μV for EDC, 50 μV for ECRB, and 10 μV for ECU.
